We examine, using (2ϩ1)-dimensional Monte Carlo simulations, the roughening behavior of a reemission model for chemical vapor deposition. We find that, for pure first-order reemission, the interface roughens logarithmically with time and that the scaling exponents are, for most sets of conditions, close to the exponents of the Edwards-Wilkinson model (␣ϭ0, ␤ϭ0, and zϭ2). We compare our results to experimental results on chemical vapor deposition.
I. INTRODUCTION
Chemical vapor deposition ͑CVD͒ is a very important thin-film deposition technique in the microelectronics industry and other industries that make use of thin-film coatings. The CVD process includes precursor transport, chemical reactions, and surface interactions. There are two limiting cases for CVD: the high-pressure and low-pressure CVD processes. For the high-pressure CVD process, the mean free path of the precursor is much smaller than the characteristic length of the surface features. In other words, the Knudsen number ͑defined as the ratio of the mean free path of the precursor to the characteristic length of the surface features͒ is small. Therefore the high-pressure CVD process is a hydrodynamic process. For low-pressure CVD ͑LPCVD͒, since the mean free path of the precursor is much larger than the characteristic length of the surface features, the process can be described by ballistic transport.
Several researchers have studied surface morphology or morphological stability issues for the small Knudsen number case ͑pressure ϳ10-760 Torr͒. [1] [2] [3] [4] [5] [6] In these studies, gas transport was taken into account by using a continuum diffusion equation, and it was assumed that the gas-film interface reaches quasithermal equilibrium. In other words, the effects of surface diffusion, gas diffusion, capillarity, surface reactions, and the curvature of the film are all taken into account in the framework of continuum theory. Particularly, Bales et al. have shown theoretically that, in the diffusion-limited growth regime, the surface is not stable and has a fingerlike morphology. 3 In the reaction-limited growth regime, the surface should, theoretically, exhibit Kardar-Parisi-Zhang ͑KPZ͒ type growth, 7 but so far there has been no experimental evidence to support this claim. This could be due to complications caused by flow transport.
In the large-Knudsen-number case, i.e., the LPCVD process, researchers have used the idea of ballistic transport of an ideal gas to study trench or via filling problems for many years. [7] [8] [9] [10] [11] [12] [13] [14] They have shown that, since the Knudsen number is large, collisions of precursors within the trench or via can be neglected. This kind of line-of-sight model can explain very well the features observed in trench evolution, although the details of the model may vary. However, surface morphological evolution governed by this kind of dynamics has only recently been studied. 15 Recently, we have demonstrated that a reemission model, for large Knudsen number, can explain the unusual scaling behavior observed in plasma etching. 16, 17 In this model, we applied the same ideas that had been presented in the lineof-sight model for LPCVD. In other words, during plasma etching, the pressure is usually low enough so that the mean free path of the vapor particles is much larger than the size of the surface features. In this case, collisions between vapor particles can be ignored, and the particles are assumed to travel in a straight line until striking the surface. Clearly, the same type of model can also be applied to describe the LPCVD process.
In this paper, we present the results of Monte Carlo simulations that demonstrate the scaling behavior of the reemission model for the case of deposition ͑corresponding to LPCVD͒. We also discuss the relationship of these results to other theoretical models of surface roughening. Finally, we compare our results to experimental results of low-pressure chemical vapor deposition.
II. MODEL
In the reemission model, particles are incident on a surface ͑which we initially take to be flat͒ and, upon colliding with the surface, a particle either sticks on the surface or is reemitted and goes elsewhere. This is shown in Fig. 1 . When a particle sticks on the surface, it will either etch the surface ͑for the case of etching͒ or deposit on it ͑for the case of deposition͒. A reemitted particle will simply go off in some direction and may collide with the surface again. We call ©2001 The American Physical Societyincident particles zeroth-order particles, while an nth-order particle that has been reemitted is called an (nϩ1)th-order particle. An nth-order particle has a probability s n of sticking, where s n is called the nth-order sticking coefficient. A reemission process is characterized by, among other things, its sticking coefficients. In particular, we define an nth-order reemission process by s i Ϸ0 for iϽn and s n ϭ1.
To model LPCVD, we assume first-order reemission deposition. There are still several unknowns, however. First, one must specify the properties of the incident flux. For example, the flux can be collimated, in which case the incoming particles come from a single direction, or it can be noncollimated, in which case the incoming particles come from a range of directions. We consider only two cases. In the first case, called directional flux, the incoming particles come from the normal direction only. In the second case, called nondirectional flux, incoming particles can come from any direction and obey the probability distribution
where the angle is measured with respect to the substrate normal. This distribution is derived from the assumption that incoming particles come from a gas containing particles traveling in all directions with equal probability. The next thing one must specify is the mode of reemission. For example, when a particle is reemitted, the direction it goes off in can depend on the direction from which it came. This case is called nondiffuse reemission. One can also have diffuse reemission. This is the case if the direction in which the particle leaves does not depend on the direction from which it came. There are actually many different kinds of diffuse and nondiffuse reemission, but we focus only on three specific cases. The first two, thermal and uniform, are considered diffuse reemission. The last, specular, is a type of nondiffuse reemission. For thermal reemission, the probability distribution ͑probability per solid angle͒ of the reemitted flux is given by Pϭ(n r Ј r "n Ј)/, while, for uniform reemission, it is given by Pϭ1/2. The unit normal vector at the place the flux is being reemitted from is n Ј, while n r Ј r is a unit vector that points in the direction the flux goes off in ͑see Fig. 1͒ . For specular reemission, the outgoing flux angle is equal to the incident angle.
In previous work, we used the continuum equation
to describe the reemission model and solved this equation numerically. 16, 18 This equation describes the evolution of the surface height h(x,y). The first term corresponds to condensation and evaporation, and the second term is due to surface diffusion. The last term is a noise term, which accounts for the fact that the incoming particles arrive at random times and at random positions. The third term is due to reemission, and the ͱ1ϩ(ٌh) 2 factor is present because growth occurs normal to the local surface. Also present are terms of the form s n F n , where F n is the flux of nth-order particles. Note that F 0 is simply the incident flux. As discussed in Ref. 18 , the higher-order fluxes can be found recursively from the lower-order fluxes.
In a previous study, we found that Monte Carlo simulations of the reemission model were much more efficient than numerically solving Eq. ͑2͒. 16, 18 Therefore, in the present work, we use only Monte Carlo simulations. The idea behind the Monte Carlo simulations is simple. The surface is assumed to be described by a height function h(x,y) defined on a periodic NϫN lattice. Furthermore, h can take on only integer values. The periodic boundary condition of the lattice implies that h(xϩiN,yϩ jN)ϭh(x,y) for any integers i,j. The simulation proceeds one particle at a time. First, a random position in the x-y plane is chosen for the particle. The initial position of the particle in the h direction is always one position higher than the maximum of the surface. Next, the direction that the particle will go off in is chosen; the distribution of directions depends on the properties of the incident flux. The particle moves in this direction until hitting the surface, after which it can deposit on the surface or be reemitted according to the reemission mode. If it is reemitted, the particle will travel until it hits the surface again or passes above the highest point on the surface. Once the particle has deposited on the surface or has passed above the highest point on the surface ͑meaning it will never hit the surface͒, the above procedure is repeated for a new particle. This procedure is illustrated in Fig. 2 . Also, to avoid overhangs, a particle that hits the side of a column will slide down the column before sticking.
The above procedure allows us to generate simulated surfaces for the reemission model. Once this is done, it is necessary to describe the evolution of the generated surfaces quantitatively. From the simulated surfaces, one can compute the time dependent height-height correlation function H͑r,t ͒ϭ͓͗h͑ rϩrЈ,t ͒Ϫh͑ rЈ,t ͔͒ 
H͑r,t ͒ϭ2͓w͑ t ͔͒
2 f ͫ r ͑t ͒ ͬ ,
͑4͒
with f (r)ϰr 2␣ for rӶ1 and f (r)ϭ1 for rӷ1. Here w(t) is the interface width defined by w(t) 2 ϭ͓͗h(r,t)Ϫh (t)͔ 2 ͘, where h (t) is the average height of the surface and the average is over all r, (t) is the lateral correlation length, and ␣ is called the roughness exponent. We assume that these parameters can characterize a single surface completely. By looking at how these parameters evolve with time, one can also characterize the dynamic behavior of a model. We assume that both w(t) and (t) evolve in time as power laws,
where ␤ and z are the growth and dynamic exponents, respectively. The parameters ␣, ␤, and z are not independent, but are assumed to satisfy zϭ␣/␤. ͑7͒
III. RESULTS AND DISCUSSION
For the case of pure first-order deposition, simulations were carried out with a 1024ϫ1024 lattice. The sticking coefficients used were s 0 ϭ0.05 and s 1 ϭ1, and four different cases were simulated: nondirectional flux and thermal reemission, nondirectional flux and uniform reemission, nondirectional flux and specular reemission, and directional flux and thermal reemission. Simulated surfaces at different times, for each case, are shown in Fig. 3 so that each simulation ends at 10 000, and the total number of incident particles is 500ϫ10 6 . The surface morphology, in each case, is rough, and the correlation length increases with time. The morphology for the case of nondirectional flux and specular reemission ͓Fig. 3͑c͔͒ appears to be slightly different from the other three. In Fig. 4 , we plot the height-height correlation function for different times for the case of nondirectional flux and thermal reemission. The plot is in semilogarithmic scale and is almost a straight line, at later times, for rӶ. This implies that H(r)ϰln(r) for rӶ, which means that ␣Ϸ0. We also find that ␣Ϸ0 for nondirectional flux and uniform reemission and directional flux and thermal reemission. For nondirectional flux and specular reemission, we find that ␣ϭ0.41.
In Fig. 5 , we plot the interface width versus time for the case of nondirectional flux and specular reemission, and we plot the square of the interface width versus time for the remaining three cases. In Fig. 6 , we plot the correlation length versus time for all four cases. The first plot is in semilogarithmic scale, while the second plot is in log-log scale, and in both plots, we can see an initial crossover regime followed by a late-time scaling regime. The crossover takes considerable time, and the scaling regime is only observed from about tϭ1000 to tϭ10 000. From Fig. 5 , it appears that that wϰln(t) in the scaling regime, for the case of nondirectional flux and specular reemission. For the remaining cases, it appears that w 2 ϰln(t) in the scaling regime. However, in each case, we conclude that ␤Ϸ0. In Fig. 6 , we see a power-law dependence of the correlation length on time, from which we can obtain the dynamic exponent. The exponents for first-order reemission are summarized in Table  I along with the exponents for several other growth and etching models. Some experimental results are also shown. Note that the exponents for the Edwards-Wilkinson model are close to the results we obtained for first-order reemission growth for most sets of conditions. However, the growth mechanism for the Edwards-Wilkinson model is completely different from the mechanism for the reemission model. This illustrates the fact that universality classes and their exponents do not have a one-to-one correspondence. From the experimental results in Table I , we see that the exponents found for LPCVD, for most cases, do not agree with our results for first-order reemission growth. There are at least two possible explanations for this. First, other mechanisms might be present, aside from reemission. For example, surface diffusion could be responsible for the higher value of ␣ found in some CVD experiments. Second, the reemission in the CVD experiments might not be first order. Recently, we have examined the behavior of the reemission model for cases other than first-order reemission. 15 For example, we examined the case where all sticking coefficients are equal ͑all-order reemission͒ and examined the transition from firstorder reemission to zeroth-order reemission ͑shadowing͒ that occurs when s 0 is increased. 15 We discovered that the scaling exponents undergo a transition that is qualitatively similar to the transition in experimental CVD exponents that occurs when substrate temperature is increased. 15 Thus it is likely that first-order reemission holds for LPCVD only at high temperatures.
IV. CONCLUSION
Our Monte Carlo simulations show that first-order reemission deposition gives scaling exponents similar to the exponents of the Edwards-Wilkinson model, in sharp contrast to first-order reemission etching. While first-order reemission deposition does exhibit some degree of universality, the universality is not as strong as in the case of first-order reemission etching. Also, we find poor agreement between our firstorder reemission deposition simulations and chemical vapor deposition experiments, especially for low temperatures. This is probably due to the high value of the sticking coefficient that exists for low temperatures.
